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Abstract:  It is well known that maximal utilization of the returns can be beneficial for cost reduction, preservation 
of natural resources and protection of the environment, by making them into recycled Al-Cu alloys. In this study, 
the influences of returns on the microstructure and mechanical properties of Al-Cu alloys have been investigated 
by means of optical microscopy and scanning electron microscopy. The results showed that the returns could be 
used to produce recycled Al-Cu alloys with fine and uniform microstructure and excellent mechanical properties, 
including ultimate tensile strength, yield strength and ductility. It was found that the maximum performance of the 
recycled Al-Cu alloy in their properties could be achievable when the returns content was 20wt.%, which gave 
219 MPa, 87.16 MPa and 12.15% at as-cast state, and 525 MPa, 445.3 MPa and 14.14% after heat treated, in 
their tensile strengths, yield strengths and elongations, respectively. These values were much higher than those of 
primary alloy. 
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A
pplication of aluminum alloy castings in aerospace 
industry has widely increased by market demanding from 
non-structural such as cylinder heads to structural parts such 
as suspension components due to its advantage in combining 
high strength-to-weight ratio and mechanical properties 
[1-3]. 
As a potent precipitation-strengthening element in aluminum, 
copper added expects to increase their tensile strength, 
hardness, creep resistance and machinability. Copper additions 
up to about 5.0 wt.% lead to alloys with very high strength and 
good toughness after subjected to natural or artificial aging 
[4, 5]. 
In production practices, large dimension of gating/risering 
system occupied 50%-70% weight of the whole casting is 
usually designed to eliminate or reduce shrinkage porosity 
and inclusions in Al-Cu alloy castings. For the energy saving 
and resources regeneration, recycling of foundry returns has 
been given more and more attention by the researchers and 
government. Application of recycled Al-Cu alloys from a 
return source can save large amount of materials and energy, 
as compared to that of primary alloys, required in producing 
the same or even more products. Therefore, under the premise 
of assuring the casting quality, the returns should be reutilized 
in maximum. More importantly, unlike other materials for 
engineering applications, metals, such as aluminum and 
magnesium, can be recycled repeatedly without loss of their 
most inherent properties 
[6]. 
The aim of the present study is to investigate the effect of 
returns on the microstructure evolution and mechanical properties 
of Al-Cu alloy under both as-cast and heat treatment conditions, 
and obtain the optimum quantity of returns added to Al-Cu alloys.
1 Experiment
The base alloy used in the present study was an Al-Cu alloy 
(Al-5 wt.% Cu-Mn-Cd-V-Zr-Ti). The composition of the base 
alloy is given in Table 1.
The base alloy was melted in a crucible resistance furnace 
and then cast by sand gravity casting process. To ensure 
that the alloy has the desired composition, an excessive 
amount of Al and Cd, about 2wt.% and 20wt.% of the 
nominal compositions, respectively were used in the starting 
materials to avoid reduction of Al and Cd content due to the 
evaporation during the melting operation. The Al-Cu alloy 
returns including the sprue, runner, feeder etc., were added 
into the graphite crucible together with Al-50%Cu, Al-
10%Mn, Al-3.98wt.%V and Al-4.12wt.% Zr master alloys at 
room temperature. Pure Cd alloy and Al-5Ti-B master alloy 
were added at a holding temperature of 720℃ and 725℃, 
respectively. The melt was degassed with high purity argon 
gas for 20 min through a graphite rod immersed into the melt 
and rotated at a speed of 180 r/min to ensure low hydrogen 
content. The surface of the melt was skimmed periodically. The 
melt was held for 30 min, and then poured into the same mould CHINA FOUNDRY Vol.7 No.1
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preheated to 80℃ after stirring. The casting system is as shown 
in Fig.1 and the furnace charging is as listed in Table 2. In order 
to ensure the comparability, the specimens for metallographic 
analysis and tensile test were taken from the corresponding 
positions in the order of the left-hand and right-hand sides of 
the casting, respectively. 
Table 1: Chemical composition of the primary alloy used in this study in comparison with the nominal composition of Al-
Cu alloy (wt%) 
Table 2: Furnace charging (wt.%)
Fig.1: The casting configuration and its gating system
Heat treatment (T6) was adopted in this experiment, with 
the standards of solid solution treated at 538±5℃ for 8 h, and 
quenched in water, following by aging at 175±5℃ for 5 h.
The microstructures of the specimens with and without heat 
treatment were examined under optical microscopy (OM) 
and scanning electron microscopy (SEM). The specimens for 
OM and SEM were prepared with the standard technique of 
grinding with SiC abrasive paper and polishing with a Cr2O3 
suspension solution, followed by etching using a solution of 
5 vol.% concentrated HF in 95 vol.% H2O. The evaluation 
mechanical properties under as-cast and heat treated conditions 
were carried out on an instron-5569 testing machine at room 
temperature with the crosshead moving rate of 1 mm/min. The 
chemical composition analysis was conducted on a 4460-0376 
direct reading spectrometer.
2 Results and Discussion
2.1 Chemical composition 
There are two major alloying elements (Cu, Mn) and five 
minor elements (Ti, Zr, V, Cd, B) in the Al-Cu alloy. The 
chemical compositions of Al-Cu alloys at various processing 
options in the study are as shown in Table 3. After comparing 
between them, it can be concluded that the compositions of 
the four alloys with return addition options are insignificant 
different from that of the primary ingot. And, it should be 
noted that all these variations in composition, even existed, are 
well within the specifications of the alloy (seen in Table 1).
Table 3: Chemical compositions of Al-Cu alloys under different processing conditions (wt.%)
2.2 As-cast microstructures 
The microstructure of Al-Cu alloys can play an important role 
in its mechanical and other behaviors, e.g. corrosion behavior 
and creep resistance. Figure 2 shows the typical microstructure 
of as-cast Al-Cu alloy produced by primary alloy ingot and 
different contents of returns, respectively. It can be observed 
that all the samples exhibit the typical microstructural features 
of Al-Cu alloys, without obvious difference in microstructure 
among the five samples. However, after adding returns, the 
second dendrite arm spacing decreased in size to some extent. 
The addition of 10 wt.% returns gave a refined grain in the 
specimen, as shown in Fig.2(b), and the refinement was 
Furnace charging 1 2 3 4 5
  Primary alloy 100 90 80 70 60
  Returns 0 10 20 30 40
Element Cu Mn Zr V Ti Cd Al
  Primary alloy 5.0  0.38 0.16 0.25 0.20 0.20 Balance
  Nominal composition 4.6-5.3 0.3-0.5 0.05-0.2 0.05-0.3 0.15-0.35 0.15-0.25 Balance
Alloys Cu Mn Ti Cd V Zr Fe Si Mg
  Primary ingot 4.902 0.369 0.169  0.162 0.234 0.145 0.023 0.002 0.009
Returns 5.002 0.370 0.171 0.165 0.240 0.143 0.023 0.002 0.009
10% returns 5.001 0.378 0.172 0.164 0.241 0.136 0.023 0.004 0.009
20% returns 4.973 0.360 0.170 0.165 0.239 0.145 0.024 0.004 0.009
30% returns 4.979 0.372 0.173 0.168 0.242 0.140 0.023 0.005 0.008
40% returns 5.033 0.350 0.167 0.165 0.245 0.143 0.025 0.005 0.009Research & Development
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further improved when the amount of returns was increased 
to 20 wt.%, Fig.2(c). However, too much returns added (> 
20wt.%) did not help the grain’s refinement, as illustrated in 
Fig. 2(d) and (e). The average particle size of the primary alloy 
was measured to be about 66 μm, and the better result can be 
achieved by adding different amount of returns, with the average 
particle size of a(Al) phase being about 50 μm, 33 μm, 40 μm 
and 44 μm, as shown in Fig.2(b), (c), (d) and (e), respectively. 
The secondary electron and backscattered electron images 
of the as cast Al-Cu alloy with returns applied are shown 
in Fig.3 and Fig.4, respectively. The phases located at the 
grain boundary contained mainly Al and Cu. Further line 
scan analysis revealed that the grain boundary contained 
small amount of Mn and Cd as shown in Fig.4. The as-
cast structures of Al-Cu alloy consists of q  (Al2Cu) phase, 
T(Al12CuMn2) phase and Cd phase that are mainly located at 
the grain boundary, and together with a-Al formed the eutectic 
structure. Besides, there are Al3Ti, Al7V, Al3Zr and TiB2 
phases distributing in the a-Al phase, not being detected 
[7]. In 
comparing with the five experiments of recycled Al-Cu alloys, 
the structure of q (Al2Cu) phase is with mesh style of structure, 
and there is no obvious difference among them. 
Figure 5 is a scanning electron image of the recycled Al-Cu 
alloy with the 40% content of returns, showing the inclusion 
particles. It can be seen that these particles are dispersed in the 
a-Al matrix. The EDS analysis of the particles has confirmed 
that these inclusions contain mainly Al, Cu and O. More likely, 
these particles are oxide inclusions that came from the returns.
(a) Primary alloy
(b) 10 wt. % returns
(c) 20 wt.% returns
(d) 30 wt.% returns 
(e) 40 wt.% returns
Fig.3: SEM micrographs of Al-Cu 
alloys with different returns 
applied
(a)
(d)
(b)
(e)
(c)
(a) Primary alloy
(b) 10 wt.% returns
(c) 20 wt.% returns
(d) 30 wt.% returns 
(e) 40 wt.% returns
Fig.2: Microstructures of Al-Cu alloys 
with different returns applied
(a) (b) (c)
(d) (e)CHINA FOUNDRY Vol.7 No.1
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Fig.4: The SEM/EDS line scan analysis of the component of Al-Cu alloy
Fig.5: SEM image of the recycled Al-Cu alloy showing the inclusion particles    
(marked by the arrows) and EDS results of the inclusion particles
2.3 Microstructures of 
the alloy after heat 
treatment
Figure 6 shows the typical 
microstructural features of 
primary Al-Cu alloy and the 
Al-Cu alloys with different 
contents of returns after heat 
treated (T6). The microstructure 
of the alloy in the T6 state is 
quite different from that of as-
cast state. The q phase and Cd 
phase were dissolved into a-Al 
solid-solution matrix and the 
second phase T was precipitated 
in the matrix under the solution 
treated condition.
In the primary alloy, the 
second phase distributed in 
the matrix along the grain 
boundaries and no other phase 
was detected in the centre of 
matrix, as shown in Fig.6(a). 
The microstructure of the 
sample with 10 wt.% returns 
was the same as that of the 
primary alloy. However, when 
the addition content reached 
20wt.%, the second phase T 
distributed in the matrix more 
distributed in the matrix along the grain boundaries again with 
further increasing of returns (>20 wt.%).
Fig.6: SEM micrograph of Al-Cu alloy 
manufactured from primary 
alloy (a), 10 wt.% returns (b), 
20 wt.% returns (c), 30 wt.% 
returns (d), 40 wt.% returns 
with T6 heat treatment (e)
(a)
(d)
(b)
(e)
(c)
dispersedly and uniformly, which can strengthen the matrix (see 
in Fig.6(c)). Figure 6(d) and (e) show that the second T phase Research & Development
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2.4 Mechanical properties  
Mechanical properties including tensile strength, yield strength 
and elongation of the investigated alloys with various content 
returns in the states of as-cast and heat treatment are as shown in 
Fig.7 and Fig.8, respectively. In both states, the tensile strength, 
yield strength and elongation of the alloys were varying with 
the same tendency, i.e., increase at first and then decrease. The 
increase in mechanical properties becomes more obviously once 
the returns content reaches 20 wt.%. It also shows, as expected, 
that heat treatment improves the mechanical properties 
significantly. The recycled Al-Cu alloy with 20 wt.% returns 
has a tensile strength as high as 525 MPa under heat treatment 
condition, which is considerably higher than 501 MPa achieved 
by primary alloy, whilst the elongation level is up to 14.14. So, 
it can be found that the recycled Al-Cu alloy made of 20 wt.% 
returns provides the best combination of mechanical properties. 
But, with further increasing of the returns content (>20 wt.%), 
the mechanical properties deteriorated.
In this study, the maximum values of tensile strength and 
ductility of the recycled Al-Cu alloy are 219 MPa and 12.15% 
in as-cast state, and 525 MPa and 14.14% after heat treated, 
which is in a very good agreement with the findings from the 
microstructure of Al-Cu alloy in as-cast and heat treatment 
states, respectively. 
Fig.7: Mechanical properties of as-cast Al-Cu alloy as a 
function of various returns contents
Fig.8: Mechanical properties of heat treated Al-Cu alloy as 
a function of various returns contents
Fig.9: Microstructure of Al-Cu alloy (without Al-Ti-B) 
manufactured from primary alloy (a), 20 wt.% return (b)
3 Discussions 
The fine and homogeneous microstructure and excellent 
mechanical properties can be achieved with the recycled alloy. 
The main reasons can be explained as below: 
3.1 The effect of grain refiner
The microstructure and properties of the recycled Al-Cu 
alloy can take on the heredity of feed alloy, and with different 
weight ratio of added remelted alloys resulted in different 
microstructure and properties. In order to investigate the effect 
of grain refiner on the heredity process, the comparison of 
microstructure and properties between primary alloy and 20 
wt.% returns alloy without Al-Ti-B grain refiner was analyzed, 
as shown in Fig.9 and Fig.10.
Fig.10: Mechanical properties of Al-Cu alloys (without 
Al-Ti-B) as a function of return contents
(a)
(b)CHINA FOUNDRY Vol.7 No.1
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It can be seen from Fig.9 that returns can refine the 
grain even if without refiner, meanwhile, can result in the 
improvement of mechanical properties. The as-cast recycled 
Al-Cu alloy with 20 wt.% returns still has a considerably high 
tensile strength of 185.9 MPa, which is much higher than that 
of primary alloy (172 MPa), whilst the increment of elongation 
is up to 2%. As to the Al-Cu alloys with grain refiner added, 
the increment of tensile strength and elongation were 17 MPa 
and 1.8%, respectively, as shown in Fig.7, a similar variation 
range to those from Al-Cu alloys without grain refiner.
In a word, the grain refiner does not hold a dominant 
position in the heredity process. There are many effective 
particles and atomic clusters existed in the returns of Al-Cu 
alloys. It has heredity to the melt after adding returns 
[8]. 
3.2 The heredity of returns to Al-Cu alloys
Heredity relations exist in the structure and properties between 
the liquid alloy and solid alloy, which have been confirmed 
by many researchers as well as by production practices 
[9, 10]. 
Heterogeneity of chemical composition results in the micro-
heterogeneity in the infinitely soluble alloy melt. The structure, 
characteristics of thermo-motion and mechanical properties of 
melt are similar with that of crystal under the minor superheat 
condition at melting point. Although the melt of crystal 
eliminate the three-dimensional periodicity, relatively stable 
atomic clusters can be still maintained in the melt to a certain 
extent. These relatively stable atomic clusters can be formed 
in the alloy melt when the size of inhomogeneous area is 
within the range of 1-10 nm. Such clusters can be considered 
as heredity factors which are able to transmit structural 
information 
[11]. In this study, the maximum temperature of 
melt was 735℃ and the melting point of aluminum was 660℃, 
so the superheat is small (75℃). There are many short-range 
ordered structures (as potential crystallizing nucleus), fine 
particles (exotic nucleus formed by inclusions) and grain finer 
which have an effect of grain refining on the alloy. 
Figure 11 shows that the cooling curves of primary and 
recycled Al-Cu alloys. It is interesting to know that the non-
equilibrium liquidus temperature of the recycled alloy is higher 
than that of the primary alloy. This further confirmed that there 
are a large number of potential crystal nucleus existed in the melt 
of recycled alloy, which reduce the supercooling of the melt. The 
existence of large numbers of atomic clusters in the melt has been 
confirmed, and they provide the initial structure and dynamic 
process in subsequent solidification, which make nucleation and 
growth easier, at last, reduce the supercooling. However, the 
liquid alloy will form a large number of atomic clusters after 
adding overmuch recycled alloy. They will aggregate and grow 
up so as not to become potential crystal nucleus, which result 
in refining grain worse. Moreover, the content of inclusion will 
increase with the increase of the recycled alloys.
4 Conclusions
The major findings of this study can be summarized as follows:
(1) Reasonable usage of returns can produce Al-Cu alloy 
castings with excellent mechanical properties. The recycled 
Al-Cu alloy can offer fine and uniform microstructure, 
especially, when the content of returns reached 20 wt.%, the 
size of a-Al dendrite arms decreased from 66.7 μm to 33.3 μm. 
Besides, its chemical compositions can be well controllable 
within ASTM specifications of a specified alloy. 
(2) After adding returns, the tensile strength, yield strength 
and elongation of the alloys in both as-cast and heat treatment 
states have the similar variation tendency, i.e., increases at first 
and then decreases. The recycled Al-Cu alloy with the content 
of 20 wt.% returns exhibits excellent mechanical properties. 
Particularly, its tensile strength, compared with that of the 
primary alloy, has increased by 17 MPa and 24 MPa under as-
cast and heat treatment conditions, respectively. 
(3) There are oxide inclusions found in the recycled alloys 
with further increased return contents (>20 wt.%).
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